Human enteric adenoviruses of species F contain two fibers in the same virion, a long fiber which binds to coxsackievirus and adenovirus receptor (CAR) and a short fiber of unknown function. We have determined the high-resolution crystal structure of the short fiber head of human adenovirus serotype 41 (Ad41). The short fiber head has the characteristic fold of other known fiber heads but has three unusual features. First, it has much shorter loops between the beta-strands. Second, one of the usually well-ordered beta-strands on the distal face of the fiber head is highly disordered and this same region is sensitive to digestion with pepsin, an enzyme occurring naturally in the intestinal tract, the physiological environment of Ad41. Third, the AB loop has a deletion giving it a distinct conformation incompatible with CAR binding.
Human enteric adenoviruses of species F contain two fibers in the same virion, a long fiber which binds to coxsackievirus and adenovirus receptor (CAR) and a short fiber of unknown function. We have determined the high-resolution crystal structure of the short fiber head of human adenovirus serotype 41 (Ad41). The short fiber head has the characteristic fold of other known fiber heads but has three unusual features. First, it has much shorter loops between the beta-strands. Second, one of the usually well-ordered beta-strands on the distal face of the fiber head is highly disordered and this same region is sensitive to digestion with pepsin, an enzyme occurring naturally in the intestinal tract, the physiological environment of Ad41. Third, the AB loop has a deletion giving it a distinct conformation incompatible with CAR binding.
Adenoviruses are nonenveloped double-stranded DNA viruses, infecting all vertebrate classes. They display a characteristic, icosahedral capsid architecture in which 240 subunits of the trimeric hexon protein form the facets and 12 copies of the penton, comprising the pentameric penton base protein and the externally projecting trimeric fiber, form the vertices. The ϳ50 serotypes known to infect humans are divided into 6 subgroups (A to F) and cause a range of usually mild respiratory, ocular, or enteric disease. In addition to its importance as a pathogen, adenovirus has for some time been developed as an efficient gene transfer vector for applications in vaccination, cancer treatment and gene therapy.
Virus tropism and the mechanism of cell entry are of considerable current interest, both to improve fundamental understanding of viral pathogenicity and to permit rational engineering and targeting of adenovirus vectors. Mainly based on studies with subgroup C viruses, notably adenovirus type 2 (Ad2), adenovirus cell entry has been characterized as a twostep process. First the fiber head domain binds to a primary cellular receptor, such as the coxsackie and adenovirus receptor (CAR) in the case of subgroups A and C to F (4, 32, 36) , or CD46 in the case of some subgroup D and most subgroup B serotypes (17, 30, 38) . In a second step, the penton base binds to cellular integrins, triggering internalization via endocytosis (37) .
Integrin binding is mediated by an RGD motif in the penton base that is conserved in all human adenovirus serotypes except members of subgroup F, the enteric adenoviruses Ad40 and Ad41 (1) . These viruses do not use integrins for cell entry (1) and may use an alternative mechanism for facilitating endocytosis. Strikingly, and in contrast to all other human adenovirus species, enteric adenoviruses also possess two different fiber proteins, both of which are found in each virion in approximately equal numbers (8, 15, 22) . There is a long fiber, which has been shown to bind CAR (29) and, additionally, a short fiber that does not bind CAR (29) , and is of unknown function. It is possible that these two unique properties of enteric adenoviruses, namely the absence of an RGD motif in the penton base and the unusual presence of a second fiber are related to the special ability of these viruses to infect cells in the human gastric system. Further characteristics of enteric adenoviruses are the relatively high isoelectric point of their structural proteins, increased viability after exposure to an acidic environment (as found in parts of the gastric tract), and their ability to bind certain lipids commonly found in gastric mucosa, especially after exposure to low pH (14) .
In order to give further insight into the function of the enteric adenovirus short fiber we have determined the high resolution crystal structure of the Ad41 short fiber head, at both pH 5 and pH 8. These structures reveal an unexpected poorly ordered region on the top of the molecule that we show to contain a specific cleavage site for the digestive enzyme pepsin.
MATERIALS AND METHODS
Expression, purification, and crystallization of Ad41 short fiber head. A vector derived from pBAT4 encoding residues 199 to 387 of Ad41 short fiber head (accession number X17016) was kindly provided by J. Chroboczek and used as a template for smaller Ad41 short fiber head constructs. A DNA fragment coding for residues 215 to 387, and including an Nco1 and an EcoR1 site, was produced by PCR and cloned into a pETDuet-1 MCS1 (Novagen) cloning site together with a C-terminal 6 ϫ His tag (-SGHHHHHH).
The primers used were 5Ј AATAATCCATGGGACGCATTGCTATTAGTA ATAGC 3Ј (forward primer) and 5Ј AATAATGAATTCTTAGTGATGGTGA TGGTGATGGCCGCTTTGTTCAGTTATGTAGCA 3Ј (reverse primer). The construct was transformed into Escherichia coli BL21 codon plus cells (Stratagen) for expression and these grown in shakers at 37°C to an optical density at 600 nm of 0.6. Protein expression was induced with 0.4 mM IPTG and the temperature lowered to 20°C. After 16 h postinduction the cells were harvested by centrifugation (15 min at 5,000 ϫ g), resuspended in lysis buffer (20 mM Tris-HCl pH 7.9, 500 mM NaCl, 20 mM imidazole, complete EDTA-free protease inhibitor cocktail), and lysed by sonication. The cell lysate was centrifuged for 30 min at 25,000 ϫ g and the supernatant containing soluble protein loaded on a Ni-nitrilotriacetic acid column (QIAGEN). Protein bound to the resin was washed with wash buffer 1 (20 mM Tris-HCl pH 7.9, 1 M NaCl, 20 mM imidazole) and wash buffer 2 (20 mM Tris-HCl pH 7.9, 500 mM NaCl, 80 mM imidazole) and eluted with elution buffer (20 mM Tris-HCl pH 7.9, 500 mM NaCl, 200 mM imidazole).
The eluted protein was concentrated and loaded onto a Superdex 200 column (Pharmacia). During this step the buffer was changed to crystallization buffer (500 mM NaCl, 20 mM Tris pH 7.9). Peak fractions were pooled and concentrated to a final protein concentration of 18 mg/ml. Crystals were obtained in Data collection and processing and molecular replacement. Initial diffraction data (crystal at pH 5) was collected to 1.5 Å resolution at the European Synchrotron Radiation Facility (beam line Id14, EH3) using an MAR charge-coupled device detector. Data was integrated with MOSFLM (24) and scaled with SCALA (7). Molecular replacement was performed with MOLREP (33) using the Ad2 fiber head as a model (34) . 9 N-terminal residues (388 to 396) were deleted from the input model as they were not part of the core structure. The first solution had an R-factor of 55.5% and a correlation factor of 20.6%, while the second best solution had an R-factor of 60.9% and a correlation factor of 10.5%.
The Ad41 fiber head model including water molecules were automatically built with ARP/wARP (28) using the top solution from the molecular replacement. A region comprising residues 335 to 346, as well as the N-terminal residues 215 to 229 were not automatically built, as they were relatively disordered. Xtalview (25) and COOT (12) were used for calculation of density maps or for the visualization of maps generated with REFMAC (26) . Residues 335 to 346 and residue 229 were built manually with these programs. The model passed through several rounds of refinement including anisotropic B-factor refinement and TLS refinement using REFMAC. PROCHECK (23) was used to check the geometry of the model. Crystallographic details and results are summarized in Table 1 .
A second data set (crystal at pH 8) was collected to 1.15 Å resolution at the European Synchrotron Radiation Facility (beam line Id14, EH2) using an ADSC Quantum4 detector. Data was integrated and scaled using XDS (21) and further processed with programs of the CCP4 suite (7). Molecular replacement was performed with MOLREP using the previously solved structure of Ad41 short fiber head at 1.5 Å resolution as a model. The first solution had an R-factor of 37.9% and a correlation factor of 59.5%, while the second best solution had an R-factor of 55.5% and a correlation factor of 20.1%. Residues 335 to 346 were removed as no density could be assigned to this part of the model. Waters were added with COOT and the structure refined in REFMAC including anisotropic B-factor refinement, TLS refinement and addition of hydrogen atoms. PRO-CHECK was used to check the geometry of the model. Crystallographic details and results are summarized in Table 1 .
Models of adenovirus fiber heads were superposed with COOT and cartoon representations generated using PYMOL (10) . GRASP (27) was used to calculate and display electrostatic surface potentials of fiber head models. Surface areas were calculated using AREAIMOL of the CCP4 package. Residues involved in trimer formation were identified using DIMPLOT (35) . For the structure-based sequence alignment, structures were superposed using SARF (2), edited manually using SEAVIEW (18) and visualized with ESPript (19) .
Pepsin digestion. The Ad41 short fiber head was expressed purified as described above. An Ad37 fiber head was expressed and purified as described (6) . Purified protein solutions were concentrated to 1 mg/ml and dialyzed against digestion buffer (20 mM citric acid pH 3, 500 mM NaCl) at 4°C overnight. Porcine pepsin (P7012, lyophilized powder, 2,500 to 3,500 units/mg, Sigma) was diluted to a stock solution of 100 mg/ml with distilled pure water, as recommended by the seller. For digestion experiments, pepsin was mixed with protein in digestion buffer at a ratio of 1:2 (wt/wt) at room temperature. Samples were taken every 5, 10, 20, 30, 60, and 120 min and the reaction was stopped by adding 2x sample loading buffer (100 mM Tris-HCl pH 6.8, 4% sodium dodecyl sulfate, 20% glycerol, 0.04% bromophenol blue, 10% beta-mercaptoethanol) and boiling for 5 min, or by bringing the pH to 7.5 with buffered Tris and loading onto a Superdex 75 column (Pharmacia). Samples were run both on 13.5% Tris-Tricinepolyacrylamide gels and on 17% sodium dodecyl sulfate/polyacrylamide gels.
RESULTS
Expression and crystallization of Ad41 short fiber head (residues 215 to 387). Ad41 short fiber head was expressed in E. coli originally with an N-terminal His tag and a tobacco etch virus protease cleavage site. However this construct tended to form small soluble aggregates that typically contained three trimers as observed by negative stain electron microscopy (data not shown). Furthermore attempts to remove the His tag by tobacco etch virus NIa protease digestion were unsuccessful. An alternative construct with a C-terminal His tag was successfully crystallized without tag removal. Crystals were obtained at pH 5, space group I2 1 3, and the structure solved by molecular replacement using as model the Ad2 fiber head structure (PDB entry 1qhv). The structure was refined to 1.5 Å with an Rfactor and R-free of 0.16 (PDB entry 2bzu). To assess the possible effect of pH on the structure, a crystal obtained under the same crystallization conditions was sequentially transferred to solutions of increasing pH and maintained for 20 min at pH 8 before freezing. Data collected on this crystal extended to 1.15 Å (PDB entry 2bzv). Crystallographic details are given in Table 1 .
Structure of Ad41 short fiber head is unique, although it displays the typical cloverleaf like architecture found in adenovirus fibers. All adenovirus fiber heads studied so far, in- cluding Ad41 short fiber head, consist of three eight-stranded antiparallel beta-barrels that form a homotrimeric head. Ad41 short fiber head stands out due to two intriguing differences. First, of the otherwise strictly conserved and well-ordered eight ␤-strands, one, designated strand G (Fig. 1 ) in other fiber head structures and which is the strand on the top of the molecule closest to the threefold axis (Fig. 2) , is severely disordered in Ad41 short fiber head. Residues 335 to 346, which will be referred to as region G, could only be tentatively traced in the structure obtained from crystals at pH 5. B-values are about three times higher in region G than in the rest of the structure, indicating high flexibility. In the 1.15 Å resolution structure at pH 8, region G was completely absent from the electron density, while the rest of the structure does not differ in any significant way from that at pH 5. The integrity of the protein within crystals formed under the same conditions as those used for data collection was checked on SDS page and showed no degradation ( Fig. 3) confirming that the poor electron density and high mobility of region G is not due to chain cleavage. Second, as expected from the sequence, which is about 20 amino acids shorter than in all other known adenovirus fiber head structures, the loops connecting beta-strands are comparably short (Fig. 1) . Instead, water-filled spaces are found in between monomers, making the trimer less compact than most other fiber heads (Fig. 2) . The percentage of surface per monomer buried upon trimer formation, as well as the number of residues involved in monomer-monomer interaction is lowest among all fiber head structures known (Table 2 ).
Ad41 short fiber head is cut into distinct fragments by pepsin.
In digestion experiments with high concentrations of enteric protease pepsin, Ad41 short fiber head showed less stability compared to Ad37 fiber head, used as a control. Here we present the results obtained from digestion with pepsin (pepsin-fiber head ϭ 1:2 [wt/wt]), which were unambiguously reproduced in all four independent experiments carried out. A number of potential pepsin cleavage sites can be found within the Ad41 short fiber head primary sequence, however digestion at pH 3 resulted in two main fragments after 15 min (Fig.  3) . N-terminal sequencing showed that the larger of the two fragments (ϳ14 kDa) includes the N terminus, while the smaller of the two fragments (ϳ6 kDa) comprises a C-terminal fragment starting from residue Ile-341, which is within region G. The size of the intact protein monomer including the His tag is 20.1 kDa.
Western blot analysis with anti-His antibodies confirmed that the smaller fragment still contained the uncleaved His tag at the C terminus, it therefore includes all residues from Ile-341 to the C-terminal end of the Ad41 short fiber head and at least part of the C-terminal His tag. After 2 h of digestion, the big N-terminal fragment is partially cleaved to yield a slightly smaller fragment, while the small C-terminal fragment remains stable. Both large and the small fragment elute together from a Superdex 75 column, at a volume that corresponds to the size of trimeric fiber head (ϳ60 kDa) (Fig. 3) . All conditions tested that resulted in fragmentation of Ad41 fiber head did not visibly alter the size of Ad37 fiber head (used as a control) on (18) and visualized with ESPript (19) . Red boxes highlight conserved residues. Partially conserved residues are in red. A blue background highlights residues that contact CAR in the structure of Ad12 fiber head complexed with the D1 domain of CAR (20) . The AB loop is indicated with a green box over the corresponding sequences, numbers from 1 to 19 have been assigned to residue positions within this loop and are indicated below the corresponding sequences. A yellow background box highlights the disordered region in Ad41.
an SDS-PAGE. The Ad37 polypeptide was therefore not digested by the protease under these conditions, at least not at any position distant to either of its termini. Note that adenovirus fiber head migration properties differ depending on the composition of the gel. Ad37 fiber head does not enter TrisTricine-polyacrylamide gels very well, and often produces a smear above the expected band. To demonstrate the behavior of the two proteins on a regular 17% SDS/polyacrylamide gel, the same nondigested (T/min 0Ј) and digested samples (T/min 5Ј) were loaded again separately. However, the small fragment resulting from pepsin digestion of Ad41 short fiber head is too small to be visualized on this type of gel (Fig. 3) .
Structure of the AB loop.
A loop between beta-strands A and B, commonly referred to as the AB loop, has been shown to be important for interaction with CAR in CAR-binding adenovirus fibers (5) . In Ad41 short fiber this region differs significantly in sequence (there is a single residue deletion) and conformation from CAR-binding fiber heads and this most likely contributes to its inability to bind CAR (Fig. 1, Fig. 4 , and Discussion).
DISCUSSION
During the last decade it has become obvious that adenovirus infection does not depend on one single entry pathway, but that alternative pathways must exist (3, 16) . Previous studies on subgroup C adenoviruses lead to a cell infection model that involves two steps: an initial step where the fiber head binds to a primary receptor (e.g., CAR) and a second step in which the viral penton bind to cellular integrins via an RGD. Enteric adenoviruses do not use integrins for cell infection and lack an RGD motif on the penton, instead they contain two different fibers, of which the longer one binds to CAR. The short fiber does not bind CAR and its function is not yet known. A previous study has shown that particular physicochemical properties of Ad41 virions adapt it to be stable and able to replicate in the gastrointestinal tract (14) . Here we report a study of the atomic structure of the enigmatic Ad41 short fiber aimed at giving insight into possible unique features that might be important in the entry pathway of enteric viruses. Although Ad41 short fiber head looks superficially similar to other fiber heads its crystal structure reveals some novel features. Most striking is the break with the canonical fold of eight well-ordered anti-parallel ␤-strands per monomer. There is effectively no beta-strand G and instead the corresponding region forms a poorly ordered loop with partial beta-strandlike character at pH 5 ( Fig. 2) , and no traceable structure at pH 8. Very likely a two-residue motif at the beginning of region G (Pro-336 Gly-337) contributes to the flexibility of the region. The electrostatic potential distribution on the surface of adenovirus fiber heads varies among serotypes (Fig. 2) . The isoelectric point of adenovirus fiber heads crystallized so far ranges from 4.97 (Ad3) to 9.14 (Ad37) and this is reflected in the electrostatic surface. Ad41 short fiber head has a isoelectric point of 6.82, similar to that of respiratory CAR-binding types, such as Ad2 fiber head (pI ϭ 6.25). Distinct basic and acidic regions are visible on the surface of Ad41 short fiber head and it remains to be seen whether these correlate with function. However, the complete Ad41 short fiber protein including the shaft has a pI of 9.13 and the possible implications of this have been discussed previously (14) .
The reason Ad41 short fiber head does not bind CAR is probably multifold. Whereas rather few interacting residues are strictly conserved in CAR-binding fibers, an important region is the loop between ␤-strands A and B, called the AB loop (5). The structure-based sequence alignment (Fig. 1) reveals that the AB loop of Ad41 short fiber head, while containing prolines and small polar residues (serine and threonine), as in CAR binding serotypes, differs in having a singleresidue deletion, resulting in a significant change in the conformation of this loop. Figure 4 shows the three-dimensional conformation of the AB loops of all adenovirus fiber head structures available, after superposition of the entire molecule. Note that the conformation of the Ad37 AB loop corresponds to that found in complex with CAR (Seiradake and Cusack, unpublished results).
All AB loop backbone conformations are similar except that of Ad41 short fiber, which is not compatible with CAR binding (e.g., this conformation does not allow the interaction of CAR with the backbone oxygen at position 4 as seen in the Ad12 fiber head-CAR complex). It is interesting that Ad3 fiber head does not bind CAR due to the occurrence of noncomplementary lysine and glutamate residues in the AB loop despite having a compatible backbone conformation (11) .
It is intriguing to find that the short fiber of an enteric adenovirus is sensitive to proteolysis with the gastric protease pepsin preferentially in the region G that is different from the canonical adenovirus fiber head architecture. Digestion with digestive tract proteases has been shown to enhance infectivity of some enteric pathogens, such as rotavirus (13) . A similar phenomenon cannot be excluded for Ad41. However, digestion with pepsin does not disrupt Ad41 short fiber head trimer formation, as the fragments elute together from a Superdex 75 column (Fig. 3) at the same volume as the nondigested Ad41 short fiber head trimer (results not shown). This observation suggests that a drastic rearrangement of the entire polypeptide chain upon cleavage is unlikely, although region G will clearly be modified. Unfortunately we have not been successful in trying to crystallize the pepsin-cleaved form.
Interestingly, previous experiments (14) had shown that digestion with chymotrypsin also does not affect trimerization of either full-length short or long Ad41 fibers copurified with pentons from infected mammalian cells. In this study however the samples were not analyzed under denaturing conditions, and it is therefore not apparent whether chymotrypsin cut the polypeptide chain or not (14) . Clearly, one of the interesting questions for future studies will be whether the cleavage by gastric proteases we find in vitro actually occurs in vivo and if so, what role this might serve.
Considering the function of other fiber head domains and their exposed position at the distal tip of each fiber, it is likely that Ad41 short fiber head plays a major role in enteric adenovirus tropism and cell infection. Solving the structure of the short fiber head of Ad41 to high resolution has helped give insight into how this fiber head differs from other fiber heads of known structure and opens the way for future functional characterization. As Ad41 is particularly well suited for the development of gene transfer vectors to human intestinal epithelial cells (9) , this information could be useful in the design of vectors for the treatment of intestinal diseases. 
